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Many researchers have concluded that vegetable oils hold promise as alternative fuels for diesel engines (Goering et al., 1982; Sims, 1985) . Using raw vegetable oils in diesel engines can cause numerous engine-related problems. The increased viscosity and low volatility of vegetable oils lead to severe engine deposits, injector coking, and piston ring sticking (Perkins et al., 1991; Pestes and Stanislao, 1984) . However, these effects can be reduced or eliminated through transesterification of the vegetable oil to form a monoester, generally known as "biodiesel" (Perkins et al., 1991; Zhang et al., 1988) . This process decreases the viscosity, maintains the heating value, and may actually increase the cetane number. It has also been found that biodiesel can provide a substantial reduction in HC, CO, and particulate emissions, although often at the cost of an increase in NO x emissions (Chang et al., 1996; Last et al., 1995; Schumacher et al., 1993) .
A number of diesel emissions studies have been conducted with biodiesel and blends of biodiesel, but few have dealt with injection timing effects, and none have included the effects of fuel oxidation on engine emissions and biodiesel combustion. The objective of this study was to evaluate the effect of injection timing and fuel oxidation on biodiesel combustion and exhaust emissions.
EQUIPMENT AND PROCEDURES ENGINE TEST SETUP AND EXHAUST SAMPLING PROCEDURE
A John Deere 4276T four-cylinder, four-stroke, turbocharged DI diesel engine with a bore of 106.5 mm, a stroke of 127.0 mm, a displacement of 4.53 L, and a compression ratio of 16.8:1 was connected to a 112 kW (150 hp) General Electric model TLC2544 DC electric dynamometer. A portion of the exhaust gas was passed through a 190°C heated sampling line and filter to the emission analyzers. A Beckman model 402 heated flame ionization detector hydrocarbon analyzer and a Beckman model 7003 polarigraphic oxygen monitor were used to measure the concentrations of HC and oxygen (O 2 ) in the exhaust gas. Two Beckman model 864 infrared analyzers measured the concentrations of CO and carbon dioxide (CO 2 ) in the engine exhaust. A Thermo Environmental Instruments Inc. Model 42H chemiluminescent NO-NO 2 -NO x analyzer and a Thermo Environmental Instruments Inc. Model 350 chemiluminescent NO-NO 2 -NO x analyzer were used to gather duplicate measurements of the concentration of NO x . D A Bosch smoke meter was used to measure the smoke level. The gaseous emissions were expressed on a brake-specific basis and each data point was the average of three independent measurements. An electronic scale and a stopwatch were used to measure the fuel flow rate.
A Kistler model 6061B pressure transducer was installed in the No. 1 cylinder, and a Kistler model 6230M1 pressure transducer was installed in the No. 1 cylinder fuel injection line. The cylinder and injection pressure data were collected using the Labview computer program with a 486 computer and a National Instruments Model ATMIO-16 data acquisition system. The data acquisition system collected the pressure data every 0.25 degrees of crankshaft rotation, and 50 cycles were averaged.
FUEL PREPARATION
The biodiesel was soybean oil-based and was purchased from NOPEC Corporation (Lakeland, Florida). Its chemical properties are given in table 1. The oxidized biodiesel was prepared by heating 83 L of biodiesel to 60°C in a 208-L container while bubbling oxygen (99.6% purity) through the fuel at the rate of 0.4 m 3 /h. The fuel ' s peroxide value, as measured by the American Oil Chemist ' s Society method Cd 8-53 (AOCS, 1993) , was used as the indicator of the extent of oxidation. It was desired to elevate the fuel peroxide value quickly without allowing the fuel viscosity to increase excessively. The biodiesel was oxidized from a starting peroxide value of 30-40 meq O 2 /kg to 340 meq O 2 /kg in 6-8 h. The oxidized and unoxidized biodiesels, their 20% blends (by weight), and the base fuel (No. 2 diesel) were tested in the engine at two different loads (100% and 20%) and at three injection timings (3° advanced, standard, and 3° retarded).
The tests were performed at steady-state conditions at a single engine speed of 1400 rpm. The full-load (100%) torque was 258 N-m and the 20% load torque was 52 N-m. 
DATA ANALYSIS STATISTICAL ANALYSIS
In addition to the engine operating variables of load, timing, and fuel type, the oxidized fuel batch number and the age of the fuel were included as test variables to determine whether they had any effect on engine emissions. A simple factorial design was not considered to be appropriate for this test because all of the variables could not be tested independently on any given day. Due to the time required to set the fuel injection timing, only a single value could be tested each day. This limitation mandated the use of a split-plot experimental design.
The split-plot statistical design consists of two stages. The first stage is related to the whole plot, and the second stage is related to a subplot. In this design, a single test day is considered a whole plot, and each of the ten test conditions within a day is considered a sub-plot. This split-plot design is shown in tables 2 and 3. The whole plot is a 3×3 Latin square, and within each whole day plot is a 2×5 factorial experiment. A 3×3 Latin square contains 3 rows and 3 columns (table 2). The three treatments (injection timings) are randomly assigned to experimental units within the rows and columns so that each treatment appears in every row and in every column. The 2×5 factorial experiment identifies the ten randomly chosen combinations of load and fuel type to be run each day (table 3 ). An SAS program was used to analyze the collected data. More extensive explanation of these topics is provided in Ott (1993) and Neter et al. (1996) .
CALCULATION OF IGNITION DELAY
Ignition delay was defined as the time between the start of fuel injection and the start of combustion. The start of injection is usually taken as the time when the injector needle lifts off its seat. Because a needle lift detector was not available, the start of injection was defined to be the point when the injection line pressure reached 207 bar, the nozzle-opening-pressure for the injector. The start of combustion was defined in terms of the change in slope of the heat-release rate that occurs at ignition. The heat release rate was calculated using a technique similar to that described by Krieger and Borman (1966) . Figure 1 shows the percent change in emissions compared to the base diesel fuel for the 3° advanced, standard, and 3°r etarded injection timings at the full-load engine condition. In these figures, all emissions comparisons are shown relative to the No. 2 diesel fuel at the same timing. A reduction in the CO, HC, and smoke number (SN) were observed for all fuel blends at all injection timings compared with No. 2 diesel fuel. The maximum reduction in these emissions was found for the oxidized biodiesel. However, the NO x emissions increased for all fuel blends at all injection timings. The smoke number, CO, and HC were decreased by 8% to 63%, 2% to 29%, and 3% to 60%, respectively, while the NO x emissions increased by 0.5% to 18%. Regardless of the injection timing, the oxidized neat biodiesel reduced the CO and HC emissions by 4% to 15% and 9% to 16%, respectively, compared with unoxidized neat biodiesel. The emissions of CO 2 showed mixed results with the percentage changes being very small. Figure 2 shows the percent change in emissions at the light-load engine condition for the three timings. At light load, the smoke level was near the detection threshold of the smoke meter, so these measurements were not shown on the figure. As was observed at high load, there was a reduction in CO and HC emissions regardless of the injection timing and fuel. These CO and HC reductions were in the range of 10% to 56% and 6% to 66%, respectively. The oxidized neat biodiesel reduced the CO and HC emissions more than the unoxidized biodiesel by 16% to 25% and 20% to 29%, respectively, over the range of injection timings studied. An increase in NO x emissions was found for the 3° advanced injection timing, and a reduction in NO x emissions was found for the 3° retarded injection timing for all fuel blends. 
RESULTS AND DISCUSSION THE EFFECT OF TIMING ON DIESEL ENGINE EXHAUST EMISSIONS
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COMBUSTION CHARACTERISTICS COMPARISON OF THE START OF FUEL INJECTION
Three different fuel injection pump timing settings were used for this study: 3° retarded, standard, and 3° advanced. The degrees of timing change refer to crankshaft degrees. The actual start of fuel injection is affected by the pump setting, but it can also be influenced by changes in fuel properties such as the viscosity, the bulk modulus, and the speed of sound (Obert, 1973) . The start of fuel injection is important because fuel injected early produces higher flame temperatures and may contribute to higher NO x emissions.
The effect of changes in fuel injection timing on the start of combustion is complicated by the effect of the different fuel cetane numbers. The cetane number is an indicator of the time delay between when the fuel is injected and when it starts to burn.
The injection line pressure with standard timing and at the full-load engine condition for all five tested fuels is shown in figure 3 . Even though the fuel injection pump timing was not altered as the fuels were changed, it is clear that the neat biodiesel fuels had earlier actual injection timings. The oxidized and unoxidized biodiesel fuels both injected about 2.3° earlier than the No. 2 diesel fuel. The 20% blends were 0.25-0.75° earlier than the No. 2 diesel fuel. Figure 4 shows the start of fuel injection into the cylinder for all three injection timings (3° advanced, standard, and 3°r etarded) at the full-load engine condition. Each bar on these figures is the average of three measurements collected on separate days. The error bands show the extent of the maximum and minimum values of the three measurements. The injection timings were set every day and were confirmed using the data acquisition system. Figure 4 shows a consistent tendency for earlier injection timing by the neat biodiesel fuels due to differences in their physical properties.
COMPARISON OF THE START OF COMBUSTION TIMES AND FUEL BURNING RATES
In this study, start of combustion was defined as the time when the heat-release rate calculated from the cylinder pressure data started to rise rapidly. Figure 5 shows the heat-release profiles with standard timing for all five fuels. The oxidized biodiesel showed the most advanced start of combustion. This was expected based on its high cetane number, as reported in table 1. The next most advanced start of combustion was found for the unoxidized biodiesel. The 20% blends and No. 2 diesel fuel show almost no difference in the start of combustion. Compared to the base fuel, the oxidized biodiesel had about 3.3° earlier start of combustion with standard timing, while the unoxidized biodiesel had only 2.3° earlier start of combustion. Figures 6 and 7 show the measured start of combustion with the three different timings at the full-load ( fig.6 ) and light-load (fig 7) engine conditions. The start of combustion was earlier for the oxidized biodiesel compared to No. 2 diesel fuel. The unoxidized biodiesel also advanced the start of combustion, but the other fuels (the 20% blends and No. 2 diesel) showed somewhat mixed results at the full-load engine condition. At the light-load engine condition, the start of combustion was more retarded than at the full-load engine condition. The oxidized biodiesel at this load showed the most advanced start of combustion, while the No. 2 diesel fuel showed the most retarded. These differences in the start of combustion are the result of two factors: 1) Biodiesel should have a shorter ignition delay, as indicated by its higher cetane number, and 2) Biodiesel's different physical properties, such as higher bulk modulus, viscosity, and speed of sound, can also cause an earlier injection event (Gouw and Vlugter, 1964; Tat and Van Gerpen, 1999; Tat et al., 2000) . 
DISCUSSION OF OBSERVED TRENDS EFFECT OF IGNITION DELAY ON HC EMISSIONS
Most HC emissions in diesel engines originate in regions where excessive dilution with air prevents combustion because the fuel-air mixture is past the lean combustion limit. The magnitude of the unburned HC from these over-lean regions is related to the amount of fuel injected during the ignition delay period, before combustion starts. Figure 8 confirms this correlation between HC emissions and ignition delay for the light-load operating condition, where the HC emissions are highest. This figure includes data for all five fuels and all three injection timings. The data show the expected trend: the HC emissions decrease as the ignition delay gets shorter. The HC emissions for all fuels and for all injection timings appear to fall on one line. This correlation was unexpected given the large differences in volatility and oxygen content of these fuels.
EFFECT OF THE START OF FUEL INJECTION AND THE START OF COMBUSTION ON NO X EMISSIONS
Generally, NO x emissions form in the high-temperature regions of the combustion chamber, where the air/fuel ratio is slightly below stoichiometric. Springer and Patterson (1972) noted that increases in the local temperature and the oxygen concentration within the diesel spray envelope increase the NO x emissions. One theory that has been proposed for the increased NO x observed with biodiesel is that the oxygen contained in the fuel makes more oxygen available in the reaction zone during combustion, and this causes the NO x emissions to rise (Rickeard and Thompson, 1993) .
To investigate the effect of biodiesel combustion on the flame temperature, calculations were performed to determine the adiabatic flame temperature for biodiesel combustion compared with diesel fuel combustion. Figure 9 shows the stoichiometric adiabatic flame temperature for biodiesel and for No. 2 diesel fuel. The calculations show that for both constant-volume combustion and constant-pressure combustion, the flame temperature for biodiesel is slightly below that for diesel fuel. This indicates that flame temperature changes alone cannot adequately explain the higher levels of NO x observed with biodiesel.
The emissions comparisons presented in this article were conducted with the engine adjusted to produce the same torque level with each fuel. This means that the fuel flow rate of the biodiesel was increased compared with diesel fuel to compensate for biodiesel's lower energy content. Because most engines are limited by the volume of fuel that can be injected, many researchers have evaluated biodiesel in unmodified engines, where biodiesel's lower energy content causes lower maximum torque. Figure 10 shows a comparison of the adiabatic flame temperature for diesel fuel at an equivalence ratio of 0.6, a typical full-load value, with the flame temperature for biodiesel at 0.5434, a value that corresponds to the same volume of fuel delivery. In this case, the flame temperatures are substantially lower for biodiesel. These data further indicate that flame temperature is probably not the reason for the higher NO x levels observed with biodiesel. The NO x emissions with the three different pump timings at the full-load engine condition are shown in figure 11 . It is clear from this figure that both the injection timing at the pump and the fuel type have a strong effect on NO x emissions. As observed by other researchers (Rickeard and Thompson, 1993; Scholl and Sorenson, 1993; Ali, 1995; Feldman and Peterson, 1992; Mittelbach and Trillhart, 1988) , the NO x emissions increase as the injection timing is advanced, and the NO x emissions for 100% biodiesel are higher than for diesel fuel or the 20% blends.
The pump timings shown in figure 11 are nominal values, not the actual fuel injection timing. Because biodiesel has a different viscosity, bulk modulus, and speed of sound than diesel fuel, the actual fuel injection timing for biodiesel was different than for diesel fuel, even at the same nominal pump timing. Biodiesel is less compressible than diesel fuel, so pressure can develop faster-and pressure waves can propagate faster-in biodiesel than in diesel fuel. This is the reason for the advanced injection timing of biodiesel noted earlier. This advanced injection may contribute to the additional NO x emissions for biodiesel. To investigate this effect, the full-load NO x emissions were plotted against the actual injection timing, as shown in figure 12. The NO x emissions for all fuels and all pump timings appear to fall on one line when plotted against the actual start of injection. This indicates that the difference in NO x emissions can be explained by variations in the true start of fuel injection and may not be fuel-dependent.
Although fuel injection timing appears to correlate to the measured NO x emission levels, the start of combustion would be a more direct parameter to use for correlating NO x because combustion is the process that produces NO x . This correlation would also incorporate differences in the ignition delay periods between biodiesel and diesel fuel that are based on differences in the cetane number. Figures 5, 6 , and 7 showed that the start of combustion was more advanced for biodiesel than for diesel fuel due to its higher cetane number, causing a shorter ignition delay and conforming to biodiesel's earlier actual injection timing. However, the shorter ignition delay will also cause less premixed combustion, which has been identified as a source of NO x production in naturally aspirated and lightly turbocharged engines (Chan and Borman, 1982) .
When the NO x data are plotted against the start of combustion, as shown in figure 13 , differences between the fuels emerge again. These plots indicate that for the same start of combustion timing, the 100% biodiesel fuels actually produced less NO x than diesel fuel. This result is probably attributable to the lower amount of premixed combustion with biodiesel due to its higher cetane number. This result may be engine-specific because Donahue, et al. (1994) have noted that the correlation between premixed combustion and NO x decreases for highly turbocharged engines. Figure 14 shows the tradeoff relationships between the NO x emissions and the smoke number as the actual fuel injection timing was varied. The figure indicates that, for this diesel engine, oxidized neat biodiesel shows a better tradeoff than No. 2 diesel fuel. The tradeoff curves for neat unoxidized biodiesel and the 20% blends are between oxidized neat biodiesel and No. 2 diesel fuel. 
TRADEOFF BETWEEN NO X EMISSIONS AND SMOKE EMISSIONS

